Neutron scattering investigations on the unusual phase behavior of water by Zhang, Yang, Ph. D. Massachusetts Institute of Technology, Dept. of Nuclear Science and Engineering
- ARCHNVESNeutron Scattering Investigations
on the Unusual Phase Behavior of Water
by
Yang Zhang
B.S., University of Science and Technology of China (2004)
Submitted to the Department of Nuclear Science and Engineering
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
August 2010
© Massachusetts Institute of Technology 2010. All rights reserved.
Author ....................................................
Department of Nuclear Science and Engineering
August 25, 2010
Certified by ................. -..... ... . .. ...................... .
Sow-Hsin Chen
Professor of Nuclear Science and Engineering
Thesis Supervisor
Certified by......................
' Sidnef'Yip
Professor of Nuclear Science and Engineering
and Materials Science and Engineering
Thesis Reader
A ccepted by ............... ..............
Mujid S. Kazimi
Professor of Nuclear cience and Engineering
and Mechanical Engineering
Chairman, Department Committee on Graduate Students

Neutron Scattering Investigations
on the Unusual Phase Behavior of Water
by
Yang Zhang
Submitted to the Department of Nuclear Science and Engineering
on August 25, 2010, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
Abstract
Water is the most ubiquitous substance on earth, and is essential to sustain all known
forms of life. However, despite centuries of research, a coherent picture of the unusual
phase behavior of water is so far lacking. The most promising theory under scrutiny
relies on the hypothetical existence of a liquid-liquid phase transition and an associ-
ated liquid-liquid critical point hidden in the region of supercooled temperatures and
elevated pressures, where bulk water does not exist in liquid state. Therefore it is a
grand experimental challenge to investigate the properties of water, both thermody-
namic and dynamic, in the relative region of the phase diagram.
A combination of neutron triple-axis spectrometer and small-angle neutron scat-
tering instrument are used to measure the density of water confined in a nanoporous
silica matrix MCM-41-S in a Temperature-Pressure range inaccessible for the bulk
(300-130 K and 1-2900 bar), namely, the equation of state p(T, P). The measured
isobaric density profiles clearly show a change of behavior around 1500 bar. This ex-
periment provides the most direct evidence supporting the existence of a liquid-liquid
critical point in such confined water. The experimental result further implies that
the nature of the liquid-liquid critical point of water might be of a tricritical type.
Moreover, the reported density data of confined water under extreme conditions are
valuable for the vast communities in biological, geological and planetary sciences.
Parallel to the density measurement, the dynamics of water in confined geometry,
such as aged cement paste and the vicinity of protein surfaces, are also investigated
using a variety of quasi-elastic and inelastic neutron scattering spectrometers. A
wide range of pre-glass-transition phenomena, such as dynamic crossover, dynamic
heterogeneity and boson peak, are observed above the conventional glass-transition
temperature. Possible explanations are discussed in the frameworks of the liquid-
liquid critical point scenario of water and the extended mode-coupling theory.
Computer simulations are frequently exploited to achieve a unified interpretation.
These new findings of confined water may provide new insights to the research on
glassy systems of multi-scales as well as innumerable examples in soft condensed
matters, where randomness and cooperativity are common and intrinsic.
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Chapter 1
Introduction
If there is magic on this planet, it is contained in water.
- Loren Eiseley
1.1 The anomalous properties of water
What substance could possibly more important than water? Indeed, water is vital to
life; water sculpts the geological environments; water is the most frequently handled
materials in industry; the list goes on and on. For these reasons, water is often believed
to possess spiritual powers in almost every religion and philosophy. Water's unique
symbolic significance again attests to its essential role in our lives[ 11, 113, 5, 3, 47, 16].
The scientific thought on water has been long[ 15]. Water is used as scientific
standards in many cases. For example, the Kelvin temperature scale of the SI system
is defined such that the triple point of water is exactly 273.16 K. And the gram is
defined as the weight of one cubic centimeter of water at the temperature of melting
ice at ambient pressure. However, it is embarrassing to admit that despite centuries
of intensive research, we still don't have a satisfying theory to coherently explain the
properties of water so far[13, 100].
13
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Water behaves quite differently from other liquids in many ways. More than 60
anomalies[ 12 52] of water have been found, among which the most well-known one
is probably that water expands when it freezes into ice. Otherwise, people will not
be able to skate on a lake in winter. However, a coherent explanation of all of the
anomalies still does not exist[26, 100, 113, 142]. Furthermore, the newly-discovered
counterintuitive properties make the topic even more interesting, some of which will
be shown in this thesis.
1.2 Supercooling and "no man's land"
The anomalous properties of water become amplified in the supercooled region[159].
Supercooling is the process of lowering the temperature of a liquid below its melt-
ing/freezing temperature while maintaining the liquid state. The supercooling process
can be achieved by cooling very pure liquid. Because of the lack of nucleus, the liquid
is just difficult to crystallize. In a similar way, a liquid can also be superheated above
its boiling temperature. Both supercooled and superheated liquids are metastable [45].
They may transfer to the corresponding stable states in the presence of nucleation
sites or perturbations.
In the supercooled region, the three thermodynamic response functions, the isother-
mal compressibility KT, the isobaric thermal expansion coefficient a, and the specific
heat capacity at constant pressure cp deviate from those of other liquids dramatically.
They seem to become diverge at a singularity temperature T, ~~ 228 K[5]. However,
this temperature is already below the homogeneous nucleation temperature of water
at ambient pressure, so liquid water is difficult to maintain.
If the cooling process is fast enough, say in the order of 106 K/s, water can be
immediately brought to its amorphous or glassy state. The actual glass transition
temperature Tq of water is hard to estimate and is still under debate. Despite of that,
the study of glass transition in general is a grand challenge for statistical physics
14
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due to its non-equilibrium, non-ergodic, and disordered natures[8, 19, 68, 50, 115].
A lot of theoretical and experimental efforts have been devoted into the research
on the glasses[48, 1, 88, 75]. When the glassy water is heated up about 150 K, it
will form ice again. So between this temperature and the homogeneous nucleation
temperature, there is a region, often called "no man's land", where bulk water does
not exist[106, 101].
The most promising theory of water under scrutiny relies on the hypothesis of the
existence of a liquid-liquid phase transition and an associated liquid-liquid critical
point hidden in the "no man's land"[118] at deeply supercooled temperatures and
elevated pressuresf[126, 63, 123]. Other possible competing theories under examination
include the "singularity-free scenario" [130] and the "critical point-free scenario"[9].
The central question, still waiting for an experimental answer, is whether or not a
second critical point exists in the "no man's land" of water. Therefore it is a grand
experimental challenge to investigate the properties of water, both thermodynamic
and dynamic, in the relevant region of the phase diagram where the peculiar properties
of water may originate[141, 26, 13, 24, 25, 100, 92].
One of the methods to suppress the homogeneous nucleation process is to use
confinement[1 27]. Thus, in the restricted geometry, the ice formation is inhibited,
which allows us to enter the "no-man's land" to study the properties of water in
a liquid phase. In fact, confined water plays a fundamental role in many kinds of
biological, geological, and industrial processes, where the water-substrate interaction,
hydrophilic or hydrophobic, together with the geometry of the confinement modifies
the formation of the random hydrogen bond network and thus the overall energy
landscape of the system.
15
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1.3 Neutron scattering and computer simulations
Neutron scattering technique provides a collection of powerful instruments for ma-
terial characterization[3 1, 5 1, 23, 120]. It is especially useful for the study of water
because of the exceptionally large incoherent cross section of hydrogen and the capa-
bility of varying contrast with different isotopes. Nowadays, high-flux neutrons are
readily produced at a nuclear reactor or an accelerator-based spallation source. A
combination of various elastic, inelastic and quasi-elastic neutron scattering instru-
ments allow simultaneous measurements of the structure and dynamics at different
scales.
On the other hand, modern neutron scattering technique basically measures only
the density-density correlation function and quantities that can be deduced from it.
In a way, the measurements involve integrations over the microscopic motions and are
consequently not sensitive to the details. Computer simulations are also frequently
exploited to explore the physical quantities hardly accessible by experiments and to
achieve a unified interpretation. However, it must be pointed out that computer
simulation is always limited by the computation power, while in many experiments
some physical quantities can be measured with high accuracy, in principle, allowing
us to examine the detailed information of the investigated system. The combination
of experimental technique and computer simulations is becoming a common way to
conduct any type of research.
1.4 Overview of the thesis
This thesis is consisted of four chapters. The current Chapter 1 is a general intro-
duction of the scientific merits of water science and the methods used to tackle this
problem. The main body of the thesis has two parts: the equation of state of con-
fined water p(P, T) discussed in Chapter 2, and the pre-glass-transition phenomena
of confined water discussed in Chapter 3. In each of these chapters, relevant sample
16
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descriptions, experimental techniques and data analysis are explained. Most of the
contents are based on my publications in the past five years, listed in Appendix A.
But more efforts are paid to elucidate the essential logic among those publications.
The last Chapter 4 surveys the research on water in a broader sense.
CHAPTER 1. INTRODUCTION
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Chapter 2
Equation of state: thermodynamics
Zeroth: "You must play the game."
First: "You can't win."
Second: "You can't break even."
Third: "You can't quit the game.
Charles P Snow
2.1 Density and phase transitions
2.1.1 Thermodynamic state functions and response functions
The most convincing method to study phase transitions and critical phenomena[ 113]
is probably through the equation of state. An equation of state is a relation between
the thermodynamic state functions', which are not totally independent. Oftentimes,
the thermodynamic state functions are discussed in the form of conjugate pairs of an
'The thermodynamic state functions are often abbreviated as the state functions or state vari-
ables. The word "thermodynamic" is intentionally put in front of it here to distinguish the other
class of dynamic state functions discussed in Chapter 1. In the following, the abbreviated form of
the term is often used. The authors should able to easily identify the meaning of the term from the
context.
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intensive quantity (generalized force) and an extensive quantity (generalized displace-
ment) whose product has the dimension of energy, such as pressure P and volume V,
temperature T and entropy S, chemical potential y and particle number N, magnetic
field H and magnetization M[29]. There is no general rule to determine the mini-
mum number of state functions sufficient to fully describe a thermodynamic state.
However, for many classical cases, when the particle number is fixed and there is no
magnetic field applied, or the effect of those control variables are not concerned, it
is readily to only consider the following four thermodynamic state functions: pres-
sure P, temperature T, volume V and entropy S. Once the physics is understood in
this simplified situation, it could be easily generalized to more complicated situations
when there are more control variables.
Normally, the equations of state between P, T, V, S are expressed as
V = V(P, T) (2.1)
S = S(P,T) (2.2)
because pressure P and temperature T can be controlled experimentally. When these
eqations of state are known precisely, it is readily to calculate the three standard
thermodynamic response functions2 by taking the partial derivatives with respect to
P and T respectively[T 4, 28, )29 113].
1. Isothermal compressibility
KT I (aV) 1a20 (2.3)
V (9P T V aP2
2 Similar to Footnote 2.1. 1, the thermodynamic response functions are often abbreviated as the
response functions. The word "thermodynamic" is intentionally put in front of it here to distinguish
the other class of dynamic response functions discussed in Chapter 4. In the following, the abbrevi-
ated form of the term is often used. The authors should able to easily identify the meaning of the
term from the context.
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2. Isobaric thermal expansion coefficient
1 (8V ,
aV BT 7T)
3. Specific heat capacity at constant pressure
1 0 2 G
V OPOT (2.4)
(2.5)T (OS T 82 GSN8T N T 2
Other commonly-used response functions include
1. Adiabatic compressibility
(2.6)
2. Specific heat capacity at constant volume
cV = ()N aTy (2.7)
They can be determined from the above-mentioned three standard response functions
using the following relations[10U]
1. Compressibility:
2. Specific heat capacity:
TVa2
KT -s =S - Ncp
TVa2
Cp -cy = N1
NKT
2.1.2 Thermodynamic fluctuations and phase transitions
For a single component system, the three standard response functions are sufficient to
describe the thermodynamic behaviors of the system. They are all the possible second
order derivatives of the free enthalpy or Gibbs free energy G, which takes minimum
21
(2.8)
(2.9)
Ks = 
-1 a)V Ps
V aP r )
CHAPTER 2. EQUATION OF STATE: THERMODYNAMICS
value at fixed pressure P and temperature T. Each of these response functions is
associated with a microscopic fluctuation[46, 1471
((6Y)2} kBTVKT (2.10)
(S6S) = kBTVa (2.11)
((SS) 2) kBNcp (2.12)
where kB is the Boltzmann constant, 6 denotes the fluctuation in a random variable
A about its expectation
JA = A - (A) (2.13)
Specifically, the isothermal compressibility reflects the volume fluctuation; the spe-
cific heat at constant pressure reflects the entropy fluctuation; and the isothermal
expansion reflects the cross-correlation between volume and entropy fluctuations. On
approaching a critical point, the three response functions will grow in the forms of
power-law dependence on the correlation length and eventually diverge at the crit-
ical point. This is because the fluctuations between different phases becomes larger
and larger and the correlation length becomes infinite at the critical point. It is sur-
prising that for a large class of very different systems the exponents of the power-laws
take the same value. The critical exponents can be calculated using the renormaliza-
tion group, which is intimately related to the scale invariance or self-similarity of the
system. This intriguing phenomenon is usually called the universality [143].
Phase transitions are often caused the broken of symmetries. A daily example is
the case of liquid-solid phase transition, in which liquid is macroscopically homoge-
neous and therefore can be described by continuous spacial groups; but crystalline
solid has to be described by discrete spacial groups. Another important example is
that the electroweak transition in the standard model, in which the SU(2) x U(1)
gauge symmetry of the electroweak field is spontaneously broken into the U(1) gauge
symmetry of the electromagnetic field below the electroweak temperature.
22
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In the modern classification scheme, phase transitions can be divided into two cat-
egories: discontinuous phase transition (or fist-order phase transition) and continuous
phase transition (or higher-order phase transition). A transition is called fist-order
when the first derivative of an appropriate thermodynamic state function, such as
volume V and entropy S, is discontinuous. A transition is called nth-order when the
(n-i)th derivatives are continuous, but the nth derivative is either discontinuous or
infinite. Generally, a first-order phase transition is accompanied by a latent heat,
therefore the transition between the two phases takes time. During the phase transi-
tion process, the two phases can co-exist as a mixture before the transition completes.
In contrast, a second- or higher-order transition have no association with latent heat.
Famous examples of second-order phase transitions are the superfluid and supercon-
ductor transition. Even higher-order phase transitions are very rare, and they are
predicted in a few theoretical models, such as the 2-D XY model.
2.1.3 Density and order parameter
Density is probably one of few the material quantities known in early human history.
Before 200 BC, when Archimedes of Syracuse shouted "Edprra (Eureka)!", he real-
ized how to measure the density of an irregularly-shaped wreath to find out whether
King Hiero's goldsmith embezzled gold during the manufacture. In thermodynamics,
density p comes into the equation of state as the reciprocal of the specific volume v,
which is defined as the volume occupied by a unit mass
V - p (2.14)
m
then Equation (2.1) can be rewritten as
p = p(P, T)
23
(2.15)
CHAPTER 2. EQUATION OF STATE: THERMODYNAMICS
which is the main equation of state measured by neutron scattering experiments and
discussed in details in this chapter. On the other hand, the equation of state of
entropy (2.2) is difficult to measure experimentally directly. With Equation (2.14)
and (2.15), in principle, two response functions, the isothermal compressibility rT
and the isobaric thermal expansion coefficient a, should be able to be easily obtained
using Equations (2.3) and (2.4).
For gas-liquid-solid phase transitions, as a matter of fact, density p is the order
parameter. Order parameter, just like its name implied, is a measure of the degree
of order of a certain phase. Accordingly, the order parameter takes different values
for different phases. Gas, liquid and solid have very distinct structures (symmetries).
Different structures will normally result in different densities. So it is natural to con-
sider density as the order parameter in the gas-liquid-solid phase transitions. The
same logic may apply to the study of the liquid-liquid phase transition. Since dif-
ferent liquids have different structures, they must have different densities as well.
Therefore, it's quite plausible to consider density as a candidate of the order param-
eter in the liquid-liquid phase transition. It should be mentioned that identifying an
order parameter for a particular phase transition is a sort of art. For example, the
superconducting order parameter is a complex field.
2.2 Confinement: hydrophilic and hydrophobic
The hypothetical liquid-liquid phase transition and liquid-liquid critical point of wa-
ter are located in the "no man's land" at deeply supercooled temperatures, where
bulk water does not exist in a liquid state. One of the methods to suppress the ho-
mogeneous nucleation process is to use confinement. The confinement material to
inhibit the crystallization of water can be of a wide range of types, including 1-D,
2-D and 3-D, hydrophilic and hydrophobic, organic and inorganic[ I (, 51, 8, 166, 91,
I4, 165, 93, 163, 92 35, 42]. Thus, in the restricted geometry, the ice-like long-range
24
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order cannot develop, which allows us to enter the "no man's land" to investigate
the properties of water in a liquid phase at temperatures and pressures not acces-
sible in the bulk. In this section, we will give a short introduction of the synthesis
and characterization of two classes of nanoporous material made of silica and carbon
respectively.
At this point, it should be mentioned that confinement may affect properties of
water other than the suppression of homogeneous nucleation. So there might be a
possibility that the phase behavior of confined water investigated may not represent
the phase behavior of bulk water. Nevertheless, even if this turns out to be true, the
research on confined water does not lose general interest. In fact, in many systems
of biological and geological relevance, water is found confined in pores of nanoscopic
dimension or in contact with hydrophilic or hydrophobic surfaces creating a layer[30,
31], one or two molecular sizes thick, of interfacial water, which can be supercooled
far below the homogeneous nucleation temperature of bulk water.
On the other hand, a few recent studies suggest that water in hydrophilic confine-
ment behaves quite similar to bulk water. A recent MD simulation of water confined
in nanoporous silica material MCM-41-S with 15 A pore diameter shows that besides
the layer of water near the hydrophilic surface (2 A to 3 A thick), there is region in the
center of the pores (10 A to 11 A in diameter), which is bulk-like[6 4]. Another MD
simulation studies the structural variations for water confined between hydroxylated
silica surfaces are contrasted with water confined between mica surfaces. They find
that water confined between hydroxylated silica (the following MCM sample belongs
to this class) behaves very much like bulk water[1(3].
2.2.1 Nanoporous silica material MCM
The ordered MCM-41-S powder sample is made of micellar templated nanoporous
silica matrices, consist of grains of the order of micrometer size[160]. In each grain,
parallel cylindrical pores are arranged in a 2-D hexagonal lattice with an inter-plane
25
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distance d = 30 t 2 A. The MCM-41-S is synthesized by reacting pre-formed #-
zeolite seeds (composed by tetraethylammonium hydroxide (TEAOH, Acros), sodium
hydroxide (NaOH) and fumed silica (Sigma)) with decyltrimethylammonium bromide
solution (C10TAB, Acros), then transferring the mixture into an autoclave at 120 'C
for 2 days. After cooling down to room temperature, the mixture was adjust to
pH = 10. Then the mixture was sealed into autoclave at 100 'C for 2 days. Solid
sample is collected by filtration, washed by water, dried at 60 *C in air overnight,
and then calcined at 540 'C for 8 hours. The molar ratios of the reactants are Si02 :
NaOH : TEAOH: C10TAB: H2 0 = 1: 0.075: 0.285: 0.204: 226.46. The MCM-41-S
is composed of amorphous porous silica, thus its surface is uniformly hydrophilic.
The pore diameter of the MCM-41-S sample can be tuned from 10 to 24 A. Due
to the Gibbs-Thomson effect, the freezing/melting point Tm is strongly depressed in
the nanopores. The actual melting points of H2 0 in MCM-41-S of different pore
sizes are checked with differential scanning calorimetry (DSC), shown in Table (2.1).
The melting points of D20 in MCM-41-S are a few degrees higher than that of H2 0
confined in the sample with same pore size.
Pore Diameter (A) Tm (K)
MCM-41-SH 24 232
MCM-41-SH 22 225
MCM-41-SH 20 220
MCM-41-SH 19 220
MCM-41-SH 18 218
MCM-41-SH 16 <130
MCM-41-S 15 <130
MCM-41-S 14 <130
MCM-41-S 12 <130
MCM-41-S 10 <130
Table 2.1: H20 melting points of porous material MCM-41-S
In most of our neutron scattering experiments, the major MCM-41-S sample used
has the pore diameter of 15 ± 2 A. Its pore volume is estimated to be 0.50 cm 3/g with
26
2.2. CONFINEMENT: HYDROPHILIC AND HYDROPHOBIC
the Barret-Joyner-Halenda (BJH) analysis. Other MCM-41-S sample with different
pore diameters are measured in cases to study the effect of the size of the confinement.
The pore diameter can also be confirmed by fitting the neutron or X-ray diffraction
profile with a cylindrical model of the pores. The sample is hydrated by exposing to
water vapor in a closed container at room temperature until a full hydration level is
achieved. The D2 0 hydration level (mass of water/mass of dry sample) is 0.5, and
the H2 0 hydration level is around 0.33 measured by the thermogravimetric analysis
(TGA) of the hydrated sample.
The MCM-41-S sample can be hydrophobically modified by treating the hy-
drophilic sample with chlorotrimethyl silane (CTS). The silanol-OH groups that cover
the walls of the pore can be changed to methyl groups -O-Si(CH3 )3. By varying the
CTS/MCM ratio different levels of reaction can be achieved and therefore various
degrees of hydrophobicity.
2.2.2 Nanoporous carbon material CMK
The nanoporous carbon CMK-1 was synthesized using MCM-48-S nanoporous silica
as a template (cubic, Ia3d symmetry, consisting of two disconnected interwoven 3-D
pore systems) and sucrose as carbon source (dehydrated by sulfuric acid dehydration).
The powder sample of CMK-1 consists of grains of the order of micrometer size. Each
grain has a 3-D interconnected bicontinuous pore structure. With the Barret-Joyner-
Halenda (BJH) analysis, we obtain the pore volume and the average pore diameter to
be 0.84 cm3 /g and 14 A, respectively. The CMK-1 is composed of amorphous porous
carbon, thus its surface is uniformly hydrophobic.
Similar to the hydration of MCM-41-S sample, the CMK-1 sample is also hydrated
by exposing it to water vapor in a closed chamber until it reaches the full hydration
level. The H2 0 hydration level (mass of water/mass of dry sample) is 0.5 measured
by thermogravimetric analysis (TGA) of hydrated sample. The hydration level is
higher than that of the MCM-41-S sample, because carbon has a lower density than
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silica.
X-ray diffraction (XRD) and transmission electron microscopy (TEM) are rou-
tinely performed to guarantee the sample quality. DSC check is routinely performed
to make sure no freezing of bulk water occurs near 273 K. This proves that the amount
of water outside the pores, if exists, is much less than water inside. Furthermore, no
freezing of confined water occurs down to 130 K. This makes sure that water remains
a liquid state in such deeply supercooled temperature. It is generally believed that
near the wall of the porous material, there is a small layer of water with slightly dif-
ferent density[65], while in the center of the pores water distributes uniformly. H20,
D20 and their mixtures are chosen such that the sample has a considerably different
coherent neutron scattering length density from that of the porous material, giving
rise to a well-defined structure factor peak, which allows us to determine the density
of water.
2.3 Density at ambient pressure
2.3.1 Small-angle neutron scattering technique
Small-angle neutron scattering (SANS) technique is used to measure the density of
water confined in porous materials at ambient pressure[32]. A similar method has
also been used to measure the density of confined toluene and benzene before[ f1 5, 2].
In this section, basic theories of SANS measurement of the density will be explained
using the MCM-41-S powder system as an example. The model can be generalized
to the density measurement in the CMK-1 confinement (Section 2.3.3) and with TAS
technique (Section 2.4. 1) with some modifications.
The diffraction pattern of the MCM-41-S powder sample consists of three parts:
(a) the low-Q scattering of the fractal packing of the grains, which follows a power
law Q-dependence; (b) a Bragg peak at around 27r/d coming from the 2-D hexagonal
internal structure of the grains; and (c) the Q-independent incoherent background.
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The contrast of the neutron coherent scattering length density (SLD) of heavy water
against that of the silica matrix gives rise to a strong signal with a well-defined first
Bragg diffraction peak arising from the (10) plane of a 2-D hexagonal lattice of water
cylinders in the MCM-41-S silica matrix. The structure of the confining matrix is
unaffected by temperature and pressure. In fact, one can immediately notice that the
shape and the position of the Bragg peak do not change with temperature (Figure
2-1). The only temperature dependent variable is the amplitude of the Bragg peak
(at 0.21 A-), which is directly related to the water density.
In a small angle diffraction experiment, the neutron scattering intensity distribu-
tion I(Q) is given by
I(Q) = nVp2(Ap1) 2 P(Q)S(Q) (2.16)
where n is the number of scattering units (water cylinders) per unit volume, V the
=D 2 0 MOMC the difference ofscteiglnhvolume of the scattering unit, Ap=ld = pC e n scattering length
density (SLD) between the scattering unit p2 0 and the environment pdCM , P(Q) the
normalized particle structure factor (sometimes called form factor) of the scattering
unit, and S(Q) the inter-cylinder structure factor of a 2-D hexagonal lattice. The
SLD of the scattering unit p D20 is directly proportional to its mass density pD2O as
D 2 0 -aD 2 0 (.7PsId =aM (.7
where'
NA > b,
a M (2.18)
M
NA is the Avogadros number, M the molecular weight of D20, bi the coherent scatter-
ing length of the i-th atom in the scattering unit. The SLD of the silica material has
been determined by a separate contrast matching experiment by hydrating the sample
with different ratio of D2 0 and H2 0. When the molar ratio is [D20]:[H 20]=0.66:0.34,
3 The coefficient a here should be distinguished from the isobaric thermal expansion coefficient
in Section 2.1.1.
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the Bragg peak is matched out. Since the structure of the confining matrix does not
change with temperature in the investigated range, based on the above relations, we
find that all the variables in the expression for I(Q) are independent of tempera-
ture except pD20. Hence we are able to determine the density of confined D20 by
measuring the temperature-dependent neutron scattering intensity I(Q) at the Bragg
peak.
The particle structure factor of a long (QL > 27r) cylinder is given by
= 7r ( 2 J(QR)) 2(2.19)I (Q) = 2.9QL QR
where L and R represent the length and the radius of the cylinder respectively, and
Ji(x) is the first-order Bessel function of the first kind. The structure factor S(Q)
can be well approximated by a Lorentzian function. Therefore, the measured neutron
scattering intensity is expressed as
I(Q) = nVp (CepD2O - pldMCM) 2  (2J (QR) ( F/2 +B-Q-0+CQL QR (Q _ a2 2+ (P/2)2
(2.20)
and at the Bragg peak Qo
I(Qo) = A (apD2O - p 1McM 2 + B -Q- + C (2.21)
where F is the full-width at half-maximum (FWHM) of the Lorentzian function,
C is the Q-independent incoherent background. The last unknown constant A is
determined by normalizing the density of the highest temperature to that of the bulk
water taken from NIST Scientific and Technical Database.
If the density distribution in the pores is not uniform, the correction of Equation
(2.20) is estimated below. In the case of hydrated MCM-41-S, each scatter is a column
of water confined in a cylindrical pore. If we assume the water molecules distribute
non-uniformly only along the radial direction of the cylindrical pore as p(r), the
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normalized particle structure factor P(Q) can be written as
j F1 sin(QpuL/2) (r ) -2(QP(Q) = dy [ 2 i(QL2 .2 2R r P~)-PJo(Qr V/1 - p2)dr] (2.22)
0 .? R2 QpL/2 0 p-ps
where
f p(r)dr3  (2.23)
is the average SLD of the water in the pore. p, is the SLD of the environment. Since
the sample is comprised of different crystallites oriented randomly, the scattering
profile is obtained by averaging over all the possible orientation of the pores with
respect to the incoming beam (integrated over y = cos 0).
As we can see from Equation (2.16), the effect related to a non-uniform distribution
of water in the pore will be contained in the P(Q) term. We can demonstrate that,
when using a realistic water distribution in the pore, this effect is an insignificant
correction of the contrast factor (g - p,) 2 at the structure factor peak. Therefore, the
change of the Bragg peak intensity mainly measures the contrast factor (,i - ps) 2.
2.3.2 Density minimum in a hydrophilic confinement
More than 300 years ago, one density extreme of water, the density maximum at
277 K for H20 (284 K for D20), was discovered. Only recently, we discovered the
existence of the second density extreme of water, the density minimum at 210 K for
D20 (203 K for H20), by supercooling water in hydrophilic silica pores MCM-41-S.
This discovery adds another anomaly to the more than 60 anomalies of water.
Below the density maximum temperature, the density of bulk liquid water de-
creases rapidly with temperature before the onset of homogeneous crystal nucleation
that precludes further measurements. The density curve of ice Ih lies below that of the
liquid, and almost certainly sets a lower bound on the density that the supercooled
liquid could attain if nucleation were avoided, since ice Ih represents the limiting
case of a perfectly ordered tetrahedral network of hydrogen bonds. Significantly, the
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expansivity of ice Ih in this temperature range is positive, i.e. the density increases
as temperature decreases. The low density amorphous (LDA) ice that forms from
deeply supercooled liquid water at the (in this case extremely weak) glass transition,
approaches very closely the structure of a random tetrahedral network (RTN), and
exhibits a number of ice-like properties, including a "normal" (i.e. positive) expansiv-
ity. If the structure of the deeply supercooled water also approaches that of a RTN, it
is therefore possible that a density minimum occurs in the supercooled liquid. Con-
sistent with this possibility, a number of recent molecular dynamics (MD) computer
simulation studies predict that a density minimum occurs in water (H20)[125]. In
this section, the first experimental observation of a density minimum in supercooled
water (D2 0) confined in the nanochannels of nanoporous silica is shown. The density
minimum occurs at Tmin = 210 + 5 K with a density value of 1.041 i 0.003 g/cm3 as
shown in Figure (2-1).
Density minima in liquids are even more rare than density maxima. We are aware
of reports of density minima in only a few liquid systems, such as Ge-Se mixtures.
Confirming the existence of a density minimum in water would reveal much about the
supercooled state of this important liquid. Its occurrence would signal the reversal
of the anomalies that set in near the density maximum; i.e. that mildly supercooled
water is anomalous, but that deeply supercooled water "goes normal" [7]. Observing
a density minimum would also have significant implications for the possibility that
a liquid-liquid phase transition (LLPT) occurs in supercooled water, along the same
lines as was recently argued for vitreous silica.
This SANS experiment is performed at NG3, a 40-m SANS instrument, in the
NIST Center for Neutron Research (NCNR). The incident monochromatic neutrons
have an average wave length of A = 5 A with a fractional spread of AA/A = 10%.
The sample to detector distance is fixed at 6 m, covering the range of magnitudes of
neutron wave vector transfer (Q) from 0.008 A- to 0.40 A 1 .
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Figure 2-1: Comparison of density versus temperature curves at ambient pressure
for bulk liquid D2 0 (triangles), confined liquid D20 (solid circles) and D20 ice Ih
(squares). A density minimum of D20 confined in MCM-41-S-15 is clearly observed
at around 210 K.[93]
2.3.3 Absence of density minimum in a hydrophilic confine-
ment
In section, a similar SANS method is used for the measurement of the density of H2 0
confined in hydrophobic nanoporous material CMK-1 with about 14 A pore diameter.
We have measured the density of water in this hydrophobic confinement and find that
the well-known density maximum of water is shifted to 260 K, and that the density
minimum disappears. Moreover, when compared with the hydrophilic confinement
MCM-41-S, the deduced thermal expansion coefficient shows a much broader peak
spanning from 240 K to 180 K instead of a sharp peak at 230 K.
D20 liquid
in MCM-41-S bulk D 20 liquid -
Density Minimum
- D20 ice lh
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This experiment is performed using the General-Purpose SANS diffractometer
CG-2 at High Flux Isotope Reactor (HFIR) in Oak Ridge National Laboratory
(ORNL). Using neutrons with an incident wavelength of 4.75 A, the effective observ-
able single-setting wave vector transfer (Q) range is from 0.03 to 0.5 A-, covering
the structure factor peak of the CMK sample, whose amplitude is an indicator of
the average density of the confined water. In terms of cold neutron flux on sample,
this instrument is comparable to the best SANS instruments worldwide. To prevent
leakage the samples are loaded in an airtight flat aluminum cell sealed with indium.
The transmissions of the sample at each temperature are measured to monitor any
possible sample change, and later on used in the subtraction of the empty cell scat-
tering and instrument dark count. Data reduction is done in Igor using the standard
procedures provided by the facility.
The CMK sample has a 3-D interconnected nanopores. So the product of the
particle structure factor P(Q) and the structure factor S(Q) in Equation (2.20) is is
approximated by the average structure factor S(Q) within a grain
2In 2 wL "", e-t
n(Q) = dt (2.24)
?) /2 W Jw () 2  + ( 4 1 n 2Q Q - t
wG WG
the Voigt function representation of the diffraction profile. It is essentially a convolu-
tion of the Gaussian profile as a result of the Doppler broadening due to the thermal
motions and a Lorentzian profile to account for the intrinsic broadening factors from
the instrument and sample. The extracted density of confined H20 in CMK-1 is
shown in Figure 2-2.
The first novel phenomenon observed in the hydrophobic confinement is that the
temperature of the density maximum is lowered 17 K from 277 K to 260 K. This is in
contrast to what is known to occur with hydrophilic confinement in MCM-41-S, where
the temperature of the density maximum is the same as that of bulk water, for both
H2 0 at 277 K and D2 0 at 284 K, als shown in Figure 2-2. A plausible reason for this
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Figure 2-2: Comparisons of densities of different isotopic species of water in different
confinements. The red squares show the density of H2 0 confined in CMK-1. These
data show that the density maximum of water in hydrophobic confinement still ex-
ists, but is shifted to a lower temperature at 260 K, while the density minimum is
absent.[1i]
shift is that the formation of the open tetrahedral hydrogen bond network is delayed
to a lower temperature in the hydrophobic confinement. This fact is independent of
the scaling method we used in determining the absolute density.
The second and probably more interesting phenomenon is that the density min-
imum previously observed in hydrophilic confinement both for H 2 0 at 203 K) and
for D2 0 at 210 K is not observed in the hydrophobic confinement. This result im-
plies that the random tetrahedral network of hydrogen bonds is not fully developed
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at temperatures above 130 K or possibly lower in hydrophobic confinement. The
interaction between the carbon surface and water is relatively unfavorable, thus the
tetrahedral hydrogen bonding pattern is disrupted close to the hydrophobic surface.
Without the compensatory interactions that might operate at the hydrophilic sur-
faces, the formation of hydrogen bonds is more difficult and will hardly saturate. In
the extreme case, there might exist a lower density layer near the surface, which is
usually called drying or dewetting. The water depletion layer at room temperatures
was confirmed by experiments in the vicinities of different hydrophobic surfaces and
by simulations of water in carbon nanotubes. This depletion layer will result in lower
average densities of water at deeply supercooled temperatures.
In addition, the density profile in hydrophobic confinement as a function of tem-
perature is very different from that in hydrophilic confinement. This is emphasized by
the deduced thermal expansion coefficient which is independent of the scaling factor
used in determining the absolute density (shown in Figure 2-3). In the hydrophilic
confinement MCM-41-S, the expansion coefficient a shows a sharp peak at TL = 230 K
which is interpreted as crossing of the Widom line[57, 158]. In this experiment, in
hydrophobic confinement CMK-1, the expansion coefficient a shows a very broad
peak spanning from about 240 K to 180 K. Whether the broad peak is due to the
hydrophobic-hydrophilic transition awaits for future research. One should also note
that in this plot the points at which a across zero represent the density extremes.
Again, we observe the temperature of the density maximum is shifted lower by 17 K
while the density minimum is absent in CMK/H 20.
In summary, using SANS technique, we measured the density of water confined in
both hydrophilic and hydrophobic nano pores. The density data may provide clues
to controlling the thermodynamic properties of water using nano-confinement with
different degrees of hydrophobicity. Moreover, the anomalous density behavior of
deeply supercooled confined water are important to find out a unified explanation of
the puzzling phase behavior of water. The density measurement at ambient pressure
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Figure 2-3: The thermal expansion coefficient of CMK/H20 compared with the dp/dT
of MCM/H 2 0. The CMK/H 20 density is smoothed using a 2-point FFT filter in order
to eliminate some statistical errors. The peak of CMK/H 20 is much broader than
MCM/H 20. [166]
also motives us to perform the density measurements at elevated pressures.
2.4 Density at elevated pressures
A reliable measurement of the density is extremely useful to determine the phase
behavior of water, as demonstrated in the previous section. However, when applying
the SANS technique to the density measurement at high pressures, new challenges
emerge [61]. First, the measurement requires a high-pressure cell, obviously. A pres-
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sure cell for a SANS experiment at low temperature is not trivial. Normally, a pressure
cell is made of very thick wall to hold the pressure. However, on a SANS instrument,
such a standard pressure cell would be so thick that not enough neutrons could pen-
etrate through. This self-shielding effect prevents us to obtain data with satisfying
signal-to-noise ratio. Alternatively, if we open the wall of the pressure cell and use
sapphire windows, it would be not easy to prevent the leakage at low temperatures,
because every part of the cell should have the correct expansivity in order not to
create chinks during temperature change. Second, from the previous SANS analysis,
one can see that in order to determine the density of water, only the height of the
structure factor peak is required. Therefore, in principle, the measurement of the
neutron scattering intensity at the single Qmax would be sufficient.
Keeping those in mind, in order to measure the density of water at high pressures
and low temperatures, a much more efficient method for the density determination
is developed employing a cold neutron triple-axis spectrometer (TAS). Using this im-
proved method, we measured the density as a function of closely spaced temperatures
(as accurate as every 1 K) from 300 K to 130 K in a range of pressures from ambient
to 2900 bar. In this way, we explore the equation of state of heavy water p(P, T)
confined in MCM-41-S in the region of the P-T phase space where the source of the
anomalous properties of water may be found.
2.4.1 Triple-axis spectroscopy
A triple-axis spectrometer can probably be considered to be the mother of most neu-
tron scattering spectrometers. The triple-axis stands for the monochromator axis, the
sample axis, and the analyzer axis. Taking advantage of the setup of the instrument,
it is possible to perform scans of both the momentum transfer Q and the energy
transfer E. Therefore, it is widely used as an inelastic neutron scattering instrument
for studies of dynamics.
Considering our purpose of measuring the density of water, we only need to op-
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erate the TAS in an elastic mode. The neutron scattering experiment is carried out
at the NIST Center for Neutron Research (NCNR) using the cold neutron spin po-
larized triple-axis spectrometer (SPINS) with incident neutron energy of 3.7 meV. A
feasibility test experiment is performed on a thermal neutron triple-axis spectrome-
ter (BT7/BT9) at NCNR. The hydrated MCM-41-S sample is loaded in the NCNR
pressure cell HW-02 with a sample volume of 1.5 cms. Pressure was applied with
helium gas. The sample temperature was controlled using a top loading closed cycle
refrigerator. A small amount of helium was used to insure thermal exchange between
the sample and the wall of the refrigerator, whose temperature was controlled with
accuracy better than 0.01 K. The density data are reported as function of the sample
temperature, which is recorded by a sensor located just above the pressure cell.
By fitting the neutron diffraction intensity with Equation (2.20) at the highest and
lowest temperature at each pressure, the parameters B, # and C are obtained. We
are thus able to subtract the "background" with confidence. We determine the last
unknown parameter A by normalizing the density of the highest temperature at each
pressure to that of the bulk D20 taken from NIST Scientific and Technical Database.
When the density of supercooled D20 is not available, the density was normalized to
the density of H2 0 (at the same temperature and pressure) times 1.109.
Once the data are corrected for the temperature independent background arising
from the fractal packing of the MCM-41-S crystallites and the incoherent scattering,
the only temperature-dependent quantity is the height of the Bragg peak, which is
proportional to the square of the difference of SLD between the heavy water and the
silica matrix, and therefore a sensitive indicator of the average mass density of the
confined water. We can therefore sit at the Bragg peak position and monitor the peak
intensity as a function of temperature, rather than performing a scan in Q at each
temperature. While our measurements are highly precise and sensitive with regard
to relative changes, there is an overall uncertainty that we estimate to be 0.02 g/cm3
(standard deviation) in the overall density scale, arising from uncertainties in the
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Figure 2-4: (a) Schematic representation of a heavy water hydrated MCM-41-S
nanoporous silica crystallite (pore diameter 2R ~ 15 ± 2 A). (b-d) The elastic neu-
tron diffraction intensity I(Q) at three pressures: 1 bar, 1000 bar, and 2900 bar.
The structure factor peak at around 0.21 A-' comes from the (10) plane of the 2-D
hexagonal arrangement of the water cylinders in the crystallite. The peak height
is proportional to the square of the difference of neutron scattering length density
(SLD) between the confined heavy water and the silica matrix, and therefore is a
sensitive indicator of the average mass density of water in the pores. By fitting with
Equation (2.20), the temperature-independent background (green dashed line) and
the temperature-dependent "clean" elastic diffraction intensities (blue dash-dotted
line) can be separated accordingly.
scattering length density of the silica matrix, and the model we have used to analyze
the data. It should be pointed out, though, that the uncertainty can be considered
as a scaling factor and a shift, and that the relative shape of the density curves is
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almost directly related to the measured scattering intensity.
2.4.2 High pressure: "hysteresis"
It is hypothesized, by all the three scenarios of water (SF, LLCP and CPF), that
in the supercooled temperature range bulk water is composed of a mixture of two
structurally distinct liquids: the low-density liquid (LDL) and the high-density liq-
uid (HDL). They are respectively the thermodynamic continuation of the low-density
amorphous ice (LDA) and high-density amorphous ice (HDA) into the liquid state[1 57,
117, 99, 56, 154]. Historically, a first-order phase transition between LDA and HDA
was first suggested by Mishima and later confirmed with a variety of measurements[108,
I 1, 111, 111, 110). Subsequently, Mishima and Stanleys experiment on the decompression-
induced melting curves of several high-pressure phases of ice supports the coexis-
tence of two different phases of supercooled liquid water[ 112, 11,3]. Recently, the
observation of two structural motifs of liquid water was observed by X-ray emission
spectroscopy[78, 152] and small-angle X-ray scattering. The existence of the LDL was
also observed by FTIR absorption measurements[.14]. More recently there are a num-
ber of other experimental evidences suggesting that there is a 1st-order liquid-liquid
phase transition between HDL and LDL in solvent water of protein crystals[84] and
in bulk water-ice mixture[ 14]. However, despite intensive research, a direct evidence
of first-order liquid-liquid phase separation has not been observed so far[69, 124].
In order to study the possible first-order LDL-HDL phase transition, warming and
cooling cycles are performed at a series of pressures. For each pressure, the sample
is free cooled from 300 K to 130 K at ambient pressure, and then pressurized to
the desired pressure. We then waited about 2 hours for system equilibration. The
warming scan with 0.2 K/min is first performed from 130 K to 300 K. When the
warming scan is finished, we waited another 2 hours at room temperature for system
equilibration. After that, the cooling scan with 0.2 K/min is performed from 300 K
to 130 K. When the full cycle is done, the sample is brought to ambient temperature
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and pressure before measuring another pressure.
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Figure 2-5: Measured isobaric density profiles of confined heavy water by both warm-
ing and cooling scans.The corresponding density difference between the two scans.
The data are shifted by 0.05 and 0.03 g/cm 3 between adjacent pressures for clarity
in panel (a) and (b) respectively. A hysteresis phenomenon becomes prominent at
1500 bar and above, which is a direct evidence of the phase separation when a
first-order phase transition line is crossed.
The measured density profiles with both cooling and warming scans at a series
of pressures are shown in Figure 2-5(a). The difference between the two scans are
shown in Figure 2-5(b). Up to 1000 bar, the hysteresis between the cooling and warm-
ing scans is small, which could be attributed to the temperature lag for the system
to equilibrate when ramping the temperature continuously. This intrinsic hysteresis
should be small and relatively independent of pressure. However, the hysteresis be-
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comes significantly larger at and above 1500 bar. The large hysteresis is likely because
of the rather long time required for the phase separation to occur in confinement, and
therefore it is an indication of a first-order phase transition.
The observed hysteresis phenomena are not artifact due to the solvation of helium
gas. Among all the common gases used for high-pressure experiments, helium has
the lowest solubility. Table 2.2 reports the solubility of different gases at 00C, 1 atm.
Using Henry's law, at 3000 bar, the solubility of helium is 0.0755 x 10-4 x 3000 =
0.0227 mole fraction. With such a low solubility, its effect on the density of water is
negligible.
He N2  Ar
Solubility (mole fraction) 0.07553 0.1914 0.4309 x10-4
Table 2.2: Solubility of common gases for high pressure experiment in H2 0
2.4.3 Low pressure: "kink"
Measurements at more pressures are performed by cooling scans at pressures from
ambient to 2900 bar. The measured density data are shown in Figure 2-6(a). The
isobaric density profiles show a steep decrease as the water is increasingly super-
cooled, reaching a clear minimum for each pressure. The minimum temperature Tmin
decreases from 210 K to 170 K as the pressure is increased from ambient to 2900
bar. The density minimum is an indication of the full development of the defect-free
random tetrahedral network (RTN) of the hydrogen bonds. Below Tmin the perfect
RTN begins to contract as the temperature is further lowered. Our results therefore
imply that at higher pressures, the RTN can only be reached at lower temperatures.
This is a consequence of the fact that the enthalpically favourable hydrogen bonded
RTN has a lower density compared to its less developed counterpart [10 141.
Another remarkable feature of this plot is that the isobaric density profile shows
a sudden change of slope ("kink") at a certain temperature at and below ~ 1600
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Figure 2-6: (a) Measured isobaric density profiles of confined heavy water by cooling
scans. A well-defined "kink" in the density profile can be observed from ambient
pressure to - 1600 bar. The solid lines are fittings of the densities. The inset zooms in
the region of the "kink" at ambient pressure. Error bars in the density, due to counting
statistics, are smaller than the point size. A larger uncertainty in the density scale is
discussed in the text. (b) The isobaric thermal expansion coefficient evaluated from
the fitted density curves. The data are shifted by 0.002 between adjacent pressures
for clarity. The sudden jump (discontinuity) in a is clearly observed below % 1600
bar, but is absent above 2000 bar.
bar. In order to understand this phenomenon, we fitted the density profiles with
2-piecewise third-order polynomial at pressures from ambient to 2000 bar. The iso-
baric thermal expansion coefficients a are then evaluated analytically from the fitted
polynomials, shown in Figure 2-6(b). A discontinuity in a directly coming from the
"kink" is presented at and below ~ 1600 bar. The discontinuity in the response
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functions literally defines a second-order phase transition. Whether the transition
belongs to the A-transition universality class requires more accurate studies of the
critical exponents. The most prominent example of a second-order phase transition
is the superfluid transition of helium-4, which shows an analogous kink in the den-
sity profile and a discontinuity in a and cp[81, 6, 60]. The possible existence of a
A-transition in supercooled water was argued previously in the literature based on
specific heat measurements. However, due to finite temperature increment, the dis-
continuity in cp has never been observed, instead, it is smeared out into a peak. Note
that the growth of the correlation length ( (the peak height of a) on approaching
1600 bar from ambient pressure is slightly observable, probably because the growth
of the correlation length ( is limited in the confined geometry.
Above ~ 1600 bar, the "kink" in the density profile is no longer observable. Ac-
cordingly, the discontinuity in a also disappears, implying some sort of critical point.
Note that, at 2000 bar, the discontinuity in a becomes minimal, independent of the
enforced fitting with the piecewise polynomial. Therefore, at 2500 and 2900 bar,
the density profiles are fitted with single polynomials (9th-order) in order to take
derivatives.
Finally, Figure 2-7 summarizes the lines of density kinks and maximum density
hysteresis in the P - T and p - T planes. Our density measurements clearly show a
change of behavior at Tc = 210 10 K, Pc = 1500 i 500 bar. Above Pc, the hysteresis
phenomenon is a strong evidence of the existence of the first-order phase transition,
which is predicted by the LLCP scenario. Below Pc, the discontinuity of the expansion
coefficient suggests a second-order phase transition[81, (6, 6(0]. Therefore, it is plausible
that the hypothesized liquid-liquid critical point of water[109] is actually a "tricritical
point". Well-known examples of tricritical points include, but are not limited to, the
mixture of 3He and 4He[118, 91, 85, 72, 44, 83], and metamagnet FeCl2[22]. However,
it does not rule out the possibility that the apparent discontinuity of the expansion
coefficient is related to the crossing of the Widom line[76, 117].
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Figure 2-7: Phase diagrams of the confined heavy water. The empty circles, connected
by the dotted line, are determined from the position of the kinks in the density profiles.
The filled squares, connected by the solid line, are determined from the position of
the maximum density hysteresis. Therefore, the shadow area connecting the two lines
is where one may find a critical point of some kind.
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In summary, by using a triple-axis spectrometer, we were able to obtain sensi-
tive and precise measurements of the density of confined heavy water, achieving a
remarkably good signal-to-noise ratio. The findings may lead to a unified framework
for understanding the properties of confined water. The density data are the main
results and will be useful for a better modeling of the properties of water in various
biological and geological conditions: (a) in rocks and clays, relevant for mining pur-
poses and environmental questions; (b) on the surface of proteins and membranes,
relevant to address at molecular level a number of biological processes; (c) in different
artificial porous environments used for catalytic purposes.
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Chapter 3
Pre-glass-transition phenomena:
dynamics
The deepest and most interesting unsolved problem in solid state theory is
probably the theory of the nature of glass and the glass transition. This
could be the next breakthrough in the coming decade. The solution of the
problem of spin glass in the late 1970s had broad implications in unexpected
fields like neural networks, computer algorithms, evolution, and computa-
tional complexity. The solution of the more important and puzzling glass
problem may also have a substantial intellectual spin-off. Whether it will
help make better glass is questionable.
- Philip W Anderson [156]
3.1 Representative Cases
Parallel to the density measurements discussed in Chapter 3, the dynamics of water
in confined geometry is also investigated using a variety of quasi-elastic and inelastic
neutron scattering spectrometers. Two representative cases are used for the dynamic
studies: (1) the interfacial water on protein surfaces - a 2-D confined water[164,
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3 7]; (2) the water in the interconnected pores of an aged cement paste - a 3-D
confined water[163 , 165]. Both of the two cases are good examples to demonstrate
how water affects its surroundings. In fact, protein is the building block of lives,
while cement is the building blocks of our cities. Interesting enough, both of them are
greatly influenced by the fluctuations of water. Using these two examples, we found
that the dynamic anomalies of water are intimately correlated to the thermodynamic
anomalies of water.
3.1.1 Protein hydration water
The importance of the role played by hydration water in protein folding behavior was
realized after introduction in the literature of "hydrophobicity", a concept related to
protein stability for the first time by Kauzmann[82]. From that moment on, a pro-
tein should have been defined as the system "peptide + water" [58] since the simple
biomolecule is not able to perform its biological activity without at least one layer
of water surrounding it. In particular the conformational flexibility of a protein (and
therefore its biological functionality) is extremely sensitive to the characteristics of
its hydrogen bonds with hydration water. This latter experimental fact is under-
standable considering that proteins evolved from their very beginning in an aqueous
environment.
Without water, dry protein cannot function, but a single layer of water surround-
ing it brings life to the protein and restores its biological activity. It has been shown
that the enzymatic activity of proteins depends crucially on the presence of at least
a minimum amount of solvent water[1 19]. It is believed that 0.3 gram of water per
gram of protein is sufficient to cover most of the protein surface with one single layer
of water molecules and to fully activate the protein functionality. Therefore, the
knowledge of the structure and dynamics of water molecules in the so-called hydra-
tion layer surrounding proteins is therefore of utmost relevance to the understanding
of the protein functionality.
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Using quasi-elastic neutron scattering technique, we extensively studied they re-
laxational dynamics of protein hydration water. Hen egg white lysozyme used in
this experiment is obtained from Fluka (L7651; three times crystallized, dialyzed,
and lyophilized) and used without further purification. The sample is lyophilized
overnight to remove any water left (about 7%). The dried protein powder then was
hydrated isopiestically at 5 0C by exposing it to water vapor in a closed chamber until
hydration level h = 0.35 ± 0.01 is reached (i.e., 0.35 gram of water per gram of dry
lysozyme). Two kinds of lysozyme sample were prepared in this way, one using H20
and the other using D20. The hydration level was determined by thermogravimet-
ric analysis and also confirmed by directly measuring the weight of absorbed water.
This hydration level was chosen to have about one monolayer coverage on the protein
surfaces.
3.1.2 Cement hydration water
Ordinary Portland cement powder consists of calcium silicates, aluminates and alumino-
ferrites. White cement, in contrast to ordinary Portland cement, is lack of calcium
alumino-ferrite phases. When it is combined with water, it forms a plastic paste that
sets and eventually hardens to a rock-like consistency. During this curing process a
series of chemical hydration reactions take place to form the corresponding hydrated
phases, mainly calcium silicate hydrate (C-S-H), and to develop a 3-D interconnected
solid random network. Thus, water plays the central role during the overall hydration
process, when cement gains the desired hardness and strength. Understanding the
dynamic behavior of water confined in the cement paste is therefore crucial to achieve
a complete control over its mechanical properties[I 28].
An example of the 3-D confinement of water in cement paste can be pictured
through the Jennings Colloidal Model (JCM) [80, 151]. As displayed in the inset of
Figure 3-1, C-S-H is composed of colloidal particles with radius of 1.5 nm that aggre-
gate to form globules (small spheres in Figure 3-1(a)). These globules cluster to form
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low-density (LD) C-S-H regions within 24 hours. The size of these pores inside the
LD C-S-H is estimated to be around 1 nm[140], which corresponds to the interplanar
space between the growing C-S-H lamellae. Because of the hydration process the LD
C-S-H domains assemble to give a structure with larger pores connected by narrow
channels called inter-LD regions. The size of these pores are reported to vary in a
large range (approximately between 1 and 10 nm). The LD C-S-H aggregates grow
with time, and after 1 month all the water in the inter-LD C-S-H is consumed by the
hydration reaction.
The JCM is consistent with the Differential Scanning Calorimetry (DSC) thermo-
gram recorded after 11 days from the preparation (Figure .3-1(a)). Two main features
(peaks) are present, at 247 K and 231 K, among which the second peak represents
the main contribution. No peak is detected above 253 K, in the temperature range
typical for the freezing of bulk water. Thus, at this hydration time all the unreacted
water in the sample is strictly kind of confined water in the solid matrix. According
to the JCM, the two peaks visible in the cooling part of the thermograms are due to
"water reservoirs", i.e. relatively large pores interconnected through small channels,
with nanometric diameter. In particular, the peak in the region between 253 and 238
K is due to water that is only accessible via the inter-LD pores. The time evolution
of this kind of water is strongly connected to the w/c ratio and in our conditions is
totally consumed after 28 days. On the other hand, the peak at 231 K corresponds
to pores inside the LD C-S-H domains.
Near Infrared (NIR) experiments confirm that after 8 days of setting the water
in the cement paste is confined. Figure 3-1(b) reports the NIR spectrum registered
on a 3 hours-cured sample, at 123 K. The absorption at 6070 cm- 1 is considered
as a fingerprint of hexagonal ice. The absence of the 6070 cm- 1 peak after 8 days
indicates that, at this hydration time, water is totally 3-D confined in the LD C-S-H
domains and cannot crystallize anymore. This is the kind of water we observed in the
neutron scattering experiment. A detailed description of the time evolution of both
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Figure 3-1: (a): DSC thermogram (cooling scan) of cement paste cured for 11 days.
The inset displays a schematic representation of the Jennings Colloidal Model. Ac-
cording to the JCM, the peak at 247 K is due to inter-LD pores water and the peak
at 231 K to LD pores water. (b): NIR spectra acquired at 123 K on cement paste
cured for 3 hours (black curve) and 8 days (grey curve). [1 65]
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low temperature NIR and DSC experiments performed on the same cement/water
paste can be found elsewhere.
3.2 Slow dynamics
3.2.1 Quasi-elastic neutron scattering
Quasi-elastic neutron scattering (QENS) measures the broadening of the elastic line,
which represents the diffusional motion of the particles. The high-resolution backscat-
tering spectrometer BASIS at Spallation Neutron Source (SNS) in Oak Ridge National
Laboratory (ORNL) is used to measure the broadening of the elastic peak of the hy-
drogen atom dynamic structure factor SH(Q, E). Using incident neutrons of 2.08
meV, BASIS is capable of measuring a dynamic range as large as ± 150 peV with
an elastic energy resolution of 3 peV (FWHM). Another backscattering spectrometer
HFBS at NIST Center for Neutron Research is aslo often used. Its best energy res-
olution is 0.8 peV, but with a energy dynamic range of ± 11 peV. Therefore, these
two spectrometers cover slightly different time windows.
3.2.2 4-point correlation function and dynamic response func-
tions
A family of dynamic response functions are defined in parallel to the thermodynamic
response functions discussed in Section 2. 1. . The so-called dynamic response function
XT(Q, t), or sometimes called dynamic susceptibility, is defined in analogy with the
thermodynamic response functions such as the specific heat and thermal expansion
coefficient, which are temperature derivative of the thermodynamic state functions,
such as the entropy S or specific volume v. In order to describe the dynamic response
of a system to an external perturbation AT, we can take the derivatives of the time-
dependent state functions, such as the single-particle density correlation function
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FH(Q, t)- XT(Q, t) is one of this family of dynamic response functions and it is
defined as the derivative of FH(Q, t) with respect to the temperature T at constant
pressure, namely,
_ OFS(Q, t)\
XT(Q,t) - ( ) (3.1)
XT(Q, t) is the linear response of a system to a small perturbation field, in this case
the temperature change AT. XT(Q, t) also shows a peak at around T(Q, T) when
plotted as a function of time at constant Q, and the height of which is proportional
to some sort of dynamic correlation length. Experimentally, XT(Q, t) is a much easier
quantity to measure with QENS.
3.2.3 Dynamic heterogeneity and dynamic crossover
Recently, a lot of efforts have been devoted to studies of the spatially heterogeneous
dynamics[.122, 1 7], i.e. the so-called dynamic heterogeneity, when approaching the
glassy state. Dynamic heterogeneity refers to spatially-separated particles moving
cooperatively. The idea that dynamic heterogeneity might play an important role
near the glass transition can be traced back to Adam and Gibbs[I]. They provided
a theoretical argument of the existence of cooperatively rearranging regions in glassy
liquids.
A genuine multipoint correlator, the four-point dynamic correlation function X4(Q, t),
was commonly used to quantify the dynamic heterogeneity
X4(Qt) = N( (6FH(Q, t)) 2  (3.2)
where N is the total number of particles, 6A(t) stands for the fluctuation 6A(t) =
A(t) - (A). We first introduce a time correlation function:
FH(Q, t) = N exp(-iQ -ri(t)) exp(iQ - ri (0)) (3.3)
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which is an unaveraged hydrogen atom single-particle density correlator. Therefore
the ordinary hydrogen atom single-particle intermediate scattering function (ISF) can
be calculated as an ensemble average of it, i.e.
FH (Q, t) = (FH (Qt)) (3.4)
By definition, X4(Q, t) quantifies the expectation of the square of the fluctuations
of the single-particle density correlator. If we do not take the square in Equation :3.2,
the ensemble average of it would go to zero in the long time limit. The general fea-
ture of X4(Q, t) as a function of time displays a peak, the position of which indicates
the characteristic structural relaxation time T(Q, T) of the system, and the height of
which is related to the volume where correlated particle motions (the dynamic hetero-
geneity) take place. Despite of the usefulness of X4(Q, t) in characterizing the dynamic
heterogeneity, the direct measurement of it by a neutron scattering experiment is still
a challenge. However, we can estimate X4(Q, t) from a related quantity XT(Q, t) which
is experimentally accessible by QENS. The two functions are related to each other by
the fluctuation-dissipation theorem, since X4(Q, t) measures the spontaneous fluctu-
ations and XT(Q, t) measures the temperature-induced fluctuations[20, 21, 19, 153].
In our experiments, the total number of particles N, the pressure P and tem-
perature T are kept as constants, therefore one can apply the fluctuation-dissipation
theorem in the NPT ensemble to relate the induced fluctuations to the spontaneous
fluctuations:
XT(Qt) = ('J.6F(Q,t) JH(0) (3.5)kBT2
where H(t) is the fluctuating enthalpy per particle. Therefore, XT(Q, t) directly
probes the correlations between the fluctuations of the single-particle density and that
of the enthalpy. Using transformation from NPT to NPH ensemble and Equation 3.5,
we have
x4(Q,t) = x+PH BT 2  (Qt) BT 2 xq t (3.6)Cp Cp
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This inequality can be used as equality at low temperatures.
3.2.4 Low temperature: fragile-to-strong
We study the dynamic response function XT(Q, t), of deeply supercooled water by
means of Quasi-Elastic Neutron Scattering and Molecular Dynamics Simulations.
Both techniques show an increase in the peak height of XT(Q, t) as the temperature
is lowered toward the dynamic crossover temperature TL. Below TL, the peak height
decreases steadily. We attribute this phenomenon to the change of slope of the Ar-
rhenius plot of the translational relaxation time at TL. In contrast, the peak height
of the calculated four-point correlation function X4(Q, t), directly related to the size
of dynamic heterogeneity, increases toward and below TL.
The measured QENS spectrum is analyzed with the following stretched exponen-
tial model[95, 96, 98, 55, 51, 97 36, 162, 90, 136, 131, 33, 67, 135, 16, 39, 10, 150],
which has been tested extensively by MD simulations and QENS experiments. Ac-
cording to this model, the measured spectral intensity distribution is expressed as
I(Q, E) = N - (f(Q) . 6(E) + (1 - f(Q)) -9{Fs(Q, t)}) @ R(Q, E) (3.7)
where N is the normalization factor and f(Q) is the elastic scattering component,
that takes into account the contribution coming from hydrogen atoms that cannot
migrate more than a distance - 27/Q, within the experimental observation time
window. F, (Q, t) is the self-intermediate scattering function (SISF) of the hydrogen
atoms in the hydration water, R(Q, E) is the Q-dependent energy resolution function
as obtained by a low temperature run at 10 K using the hydrated sample.
A sum of four Gaussian functions was used to represent the R(Q, E). Generally,
the SISF is a product of the translational part, FT(Q, t), and the rotational part,
FR(Q, t), i.e. Fs(Q, t) = FT(Q, t)FR(Q, t). By using only the spectra with Q < IA1,
the rotational contribution can be made negligibly small. So the SISF is modeled as
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follows:
Fs(Q, t) $ FT(Q, t) = FV(Q, t) -exp [ - T) (3.8)
where the first factor, Fv(Q, t), represents the short-time vibrational motion of the
water molecules in the cage. This factor affects the SISF in sub-ps time scale, thus is
not an observable effect in this experiment (i.e. Fv(Q, t) _ 1).
It is debatable whether the relaxation process we observed with QENS in super-
cooled confined water is the slowest relaxation of the system (a-relaxation). Neverthe-
less, it is verified by both experiments (Figure 3-2) and MD simulations (Figure 3-4a)
that the relaxation process we observed obeys a stretched exponential decay. Since
this is the only a priori assumption of the Relaxing Cage Model, our results are
still interesting to report even if the major process is not the genuine a-process: the
observation of a crossover is anyway a feature that is revealing some change in the
structure of the hydrogen bond network.
Figure 3-2 shows two spectra taken above and below the crossover temperature.
One should note from these two plots that the wing of the spectra is significantly
larger than the resolution function. This is because the Fourier transform of the
stretched exponential form of SISF produces a significantly wide skirt, and allows
meaningful data analyses.
Figure 3-3(a) shows the experimentally extracted (r) as a function of 1/T. A
gradual transition (change of slope) from a super-Arrhenius at high temperatures
(non-linear behavior) to an Arrhenius behavior at low temperatures (linear behavior)
can be seen as the temperature is cooled down across TL. [18, 79] To determine the
dynamic crossover temperature TL experimentally, we plotted the derivative of the
Arrhenius plot, d ln(T)/d(1/T) (Figure 3-3(b)). The peak, or equivalently the change
of the slope in the Arrhenius plot, suggests that TL = 225 ± 5 K, in agreement with
the peak position of the DSC data reported in Figure 3-3(d) (TL = 227 ± 2 K).
We are now going to show that it is possible to evaluate this crossover temperature
also from the dynamic response function XT(Q, t). Figure 3-3(c) shows the dynamic
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Figure 3-2: Illustration of the analysis of QENS spectra at two typical temperatures
T = 230 K (a), 220 K (b) at Q = 0.7 A- 1 . The hollow circles are the measured
neutron intensity as a function of the energy transfer E. The solid line is the fitted
curve using the RCM model. The dash-dotted line with shadow is the elastic scatter-
ing component, whose asymmetric shape derives from the asymmetric Q-dependent
resolution function. The dashed line is the quasi-elastic scattering component. The
dotted line is the background. [163]
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Figure 3-3: (a) Arrhenius plot of the experimental translational relaxation time for
water confined in aged cement paste. (b) Derivative of the Arrhenius plot of the
translational relaxation time. (c) Dynamic Susceptibility calculated with finite dif-
ferences of the SISF. (d) DSC curve of water confined in 8-day-old hydrated cement
paste. [1 (3]
response function for several temperatures as a function of time. XT(Q, t) is calculated
using finite differences. The peak height of XT(Q t, Tx(Q, t), grows as T is lowered
and reaches a maximum at TL = 227 ± 5 K, but this growth is interrupted when the
dynamic crossover sets in. The reason for this behavior is clear if one considers that,
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The only parameter in F,(Q, t) that has to be differentiated with respect to T is
r(Q, T), since 3 remains almost constant and close to 0.5 ± 0.1 as T is lowered.
x4(Q) is therefore directly proportional to the change of slope of the Arrhenius plot
of r(Q) (Figure 3-.3(b)).
Therefore, the three quantities XT(Q, t), (T) and DSC heat flow all agree in eval-
uating the crossover temperature as TL ~ 225 i 5 K. These experimental findings
demonstrate that there are well-defined thermodynamic and dynamic signatures in
the response functions of the existence of the crossover temperature, TL. To make sure
that these phenomena are inherent properties of water and not due to the confine-
ment, we ran a simulation of a model bulk water, TIP4P-Ew. The dynamic crossover
in the Arrhenius plot of the self-diffusion constant has been previously observed with
simulations of bulk water using other water models.
We calculated long MD trajectories for a box of 512 water molecules of up to
1 ps in the NVT ensemble. The systems were considered equilibrated when the
mean square displacement of the water molecules was larger than 0.1 nm2 [30] (see
Figure 3- 4c). We then calculated the SISF for the oxygen atoms for 5 Q-values (0.4,
0.5, 0.6, 0.7, 0.8 A-1 ) and fit the data according to the model described above (see
Figure 3-4a). Figure 3-lb and Figure 3-4d show the Arrhenius plots of the transport
properties obtained from the trajectories: the translational relaxation time (r) and
the inverse of the self-diffusion constant 1/D, respectively. Both the plots show a
dynamic crossover at TL = 215 ± 5 K, analogous to the one in Figure 3-3(a). As a
side note, (r(TL)) is between 1 to 10 ns range for both experiments and simulations,
confirming the general behavior of many glass formers.
The upper panel of Figure 3-5 shows the dynamic response function XT(, t)
extracted from the trajectories. Error bars on XT(Q, t) are of the order of 10-2
K-'. As also observed experimentally, x4(Q) decreases after the dynamic crossover
temperature TL = 215 K.
The same phenomenon is not observed for X4(Q, t) calculated from the trajectory
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Figure 3-4: Simulation results. (a) Oxygen SISF at Q = 0.8 A- for several temper-
atures (from 260 to 200 K, every 5 K). Continuous lines are the best fittings with
RCM. (b) Arrhenius plot of the translational relaxation time. The dashed line is
the fitting of the Vogel-Fulcher-Tammann (VFT) law, the solid line is the Arrhenius
law. (c) long-time mean square displacement. (d) Arrhenius plot of the self-diffusion
constant. [1 (3]
(Figure 3-5, lower panel). Since X4(Q, t) is related to spontaneous fluctuations, its
direct measurement is very difficult. Much easier way is the numerical computation.
The general features of X4(Q, t) for bulk water resemble the ones for Lennard-Jones
systems. The power law dependences of the short time regime and the growth of the
peak height of X4(Q, t) as one approaches TL are evident. Comparing the two panels
of Figure 3-5, one notices that while the XT(Q, t) peak height has a maximum at
T = TL, X4(Q, t) peak height keeps increasing even below TL. This phenomenon may
be understood by considering that these two quantities are related by the inequality.
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Figure 3-5: Upper Panel: Dynamic Susceptibility XT(Q, t) for TIP4P-Ew water at
several temperatures, for Q = 1.0 A-'. Lower Panel: Log-log plot of X4(Q, t), for
Q = 1.0 A-1.[163]
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This inequality implies that since the specific heat of confined water has a peak at
the dynamic crossover temperature, the dynamic susceptibility may decrease after TL
to keep X4(Q, t) growing.
In conclusion, we showed that bulk water simulations are able to reproduce our
experimental findings of the 3-D confined water. The maximum of X*(Q) happens at
the dynamic crossover temperature TL and it is not originated from the confinement.
On the other hand, the peak height of X4(Q, t), which is a measure of the dynamic
heterogeneity, continue to increase below TL.
3.2.5 High temperature: strong-to-fragile
The diffusive dynamics of hydration water in lysozyme is studied by high-resolution
incoherent quasi-elastic neutron scattering (QENS) spectroscopy and molecular dy-
namics (MD) simulations in a temperature range of 290 K < T < 380 K. The hy-
dration level of the protein powder sample is kept at h = 0.35 gram of water per
gram of dry protein to provide monolayer of water coverage on the protein surfaces.
Two lysozyme samples, the H2 0 hydrated and the D2 0 hydrated, are measured in
the experiments. The difference spectra of the two are used to extract the diffusive
dynamics of the hydration water. The self-diffusion constant D of the hydration
water is obtained from analyses of the low-Q spectra. The Arrhenius plot of the
inverse diffusion constant (i.e. log(1/D) vs. 1/T) shows a dynamic crossover from a
Super-Arrhenius behavior at low temperatures to an Arrhenius behavior at high tem-
peratures bordered at TD = 345 ± 5 K. We also observe a pronounced increase of the
migration distance d of the hydration water molecules above TD. We present evidence
from the neutron scattering experiment that this dynamic crossover temperature in
the hydration water coincides with that of the reversible denaturation of lysozyme
determined by specific heat measurements. We further performed MD simulations
of hydrated lysozyme powder to offer a plausible reason for this coincidence of the
crossover phenomenon with the reversible denaturation of the protein.
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Lysozyme, a small globular protein of 129 amino acid residues, exhibits inter-
mediate structures under chemical denaturation, pressure-induced denaturation and
thermal denaturation. Its unfolding process can therefore be considered as a three-
state model N 7 I - U. The first step is usually called reversible denaturation and
can be seen as a kind of strong-to-fragile liquid transition associated with the config-
urational entropy change, while the second step is the irreversible denaturation and
it is due to an association of unfolded lysozyme units. These experimental findings
have been confirmed by theory and simulation.
We suggest that this reversible denaturation is probably related to the dynamic
crossover that protein hydration water undergoes at TD ~ 345+5 K. At this temper-
ature, a sudden change in hydration water dynamics takes place, the inverse diffusion
constant switches from a Super-Arrhenius behavior at low temperatures to an Arrhe-
nius behavior at high temperatures. Neutron scattering has been used to study the
dynamics of hydration water at room temperatures, in solutions, at different hydra-
tion levels. A previous NMR investigation of the long-time diffusion of the hydration
water in lysozyme has detected the existence of both a high and a low temperature
dynamic crossover phenomena. NMR measures long time (milli-second) diffusion
constant, during which the water molecules may have reached the boundary of the
confinement and reflected back, while QENS measures at sub-nanosecond scale, so
the self-diffusion constant D measured by QENS is more accurate. We also extracted
the migration distance d of the hydration water molecules from QENS and observed
that d showed a pronounced increase about TD, which has not been reported in the
NMR experiments.
The existence of these phenomena can also be shown theoretically. In fact when-
ever the specific heat has a peak, the Arrhenius Plot of the inverse of the diffusion
constant has a slope change. This can be seen with the Adam-Gibbs equation,
1 1 (C
D - exp (3.10)DDo (T S.;
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where 1/DO is a prefactor, C is a constant and Sconf is the configurational entropy. If
we assume that the Adam-Gibbs equation is valid also at high temperatures for hydra-
tion water, the specific heat peak recently observed by calorimetry during lysozyme
thermal denaturation by Salvetti et al. [129] (Figure .3-6(A)) suggests the existence
of a high-temperature crossover phenomenon for the inverse of the diffusion constant.
These results were confirmed by Mallamace et al. with NMR measurements. They
also found that the contribution of the configurational disorder to entropy is domi-
nant, so Sconf ~~ S and
Sconf(T) Sconf (0) + T #dT (3.11)
This law has been found to be valid at low temperature in the supercooled region of
water by computer simulations and to a certain extent by experiments. As a numerical
example, the Arrhenius plot of the resulting DO/D as obtained by substitution of c,
reported in [129] is shown in Figure 3-6(B). Both the plots of entropy and DO/D have
a kink at 340 ± 5 K, corresponding approximately to the maximum in the specific
heat.
The inverse diffusion constant 1/D and the migration distance d of the hydration
water molecules are extracted from our QENS spectra. The inverse diffusion constant
1/D (to compare with QENS result), the protein backbone RMSD, hydrogen bond
relaxation time TR and protein hydrogen atom mean square displacement (x2 ), are
calculated from MD simulations[89]. These quantities taken all together indicate that
an abrupt change in the water-lysozyme hydrogen bonding occurs in the temperature
interval between 330 K and 345 K, in the same temperature range found by calori-
metric and Raman scattering measurements5,6 for the reversible conversion of N = I
in lysozyme solutions.
An analogous dynamic crossover in the inverse diffusion constant has been previ-
ously found experimentally for protein hydration water at much lower temperatures
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Figure 3-6: (A) Specific heat measurement of lysozyme solution. Inset: Entropy as
a function of temperature, calculated from integration of the experimental cp, from
290 K to 370 K. (B) Arrhenius Plot of Do/D vs. 1000/T, calculated according to
the Adam-Gibbs equation. Do is the prefactor in the Adam-Gibbs equation, So is
S(290K). As a numerical example, we chose So = 1 J/gK and C = 700 J/g. This
equation predicts a change in the slope for the inverse of the diffusion constant at 340
i 5 K.[14]
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(TL 220 K), where another peak in the specific heat takes place. This was at-
tributed by an MD simulation to the crossing of the Widom line of the hydration
water[146, 1,58, 8, 37]. The corresponding crossover for the average a-relaxation
time defined using the Relaxing Cage Model found in experiments has been recently
confirmed by an MD simulation using the same powder protein model used in this
paper[89]. This low temperature crossover TL was shown to coincide with the so-called
dynamic transition temperature of the protein.
Following the protein powder model developed by Tarek and Tobias, we put in
a box two OPLS-AA29 lysozyme molecules (Protein Data Bank file 1AKI.pdb) ran-
domly oriented and 484 TIP4P-Ew water molecules, thus h = 0.3 for each protein.
Eight chloride ions for each protein were added to neutralize the system, composed
of 5872 atoms. The Lennard-Jones interactions were truncated beyond 1.4 nm, while
electrostatic interactions, calculated with the Particle Mesh Ewald method were trun-
cated at 0.9 nm. Three-dimensional periodic boundary conditions were applied and
the equations of motions were integrated using the Verlet leap-frog algorithm with a 2
fs time step. All bonds were constrained at their equilibrium values using the LINear
Constraint Solver algorithm32 (LINCS). After an energy minimization of 5000 steps
with the Steepest Descent algorithm, we equilibrated the system in a NPT ensemble
(isobaric-isothermal) for 10 ns at 300 K. We performed 9 simulations at different tem-
peratures (from 290 K to 370 K, with 10 K intervals) with a parallel-compiled version
of GROMACS33. Simulations were performed using a triclinic cell (box size ~ 43
Ax 37 Ax 32 A) and each MD simulation length was 50 ns after the equilibration
time.
The hydrogen bond correlation function[102] was calculated according to
__(h(0) h(t))
c(t) = 0 oei F the (3.12)(h(t))
where h(t) = 1 if the hydrogen bond exists and h(t) = 0 otherwise. From the decay
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of this correlation function we can calculate the hydrogen bond relaxation time rR,
as the 1/e value of c(t).
The model discussed in [161] is used to analyze measured QENS spectra of the
protein hydration water for temperatures ranging from 290 K to 380 K, covering the
first stage of the denaturation process, occurring at the reversible protein denaturation
temperature around 345 K. By using only the spectra with Q < 1 A-' (i.e. Q = 0.37,
0.73, 1.07 A-'), where Q denotes the magnitude of the scattering vector, we can
approximate the incoherent dynamic structure factor for the hydrogen atoms by a
Lorentzian. Using this model, the spectra measured at all temperatures and wave
vector transfers can be fitted well in the whole energy transfer range -200 peV i E
i 200 peV. The analysis result indicates that the factor p(Q) takes a value of 0.54.
This means that 46% of the spectral area is contributed from the hydration water
that is free to diffuse in the time window of the spectrometer. The asymmetry of the
spectra can be accounted for very well by allowing for an asymmetric shaped energy
resolution function. We can use this model to extract the Lorentzian shape spectrum,
coming from the diffusive motions of protein hydration water, having a Q-dependent
line width l'(Q) with a good accuracy. The good agreement between the fitted curve
and the measured intensity shows the validity of the model.
Figure 3-7 shows the Arrhenius plot of the extracted log(1/D) vs. 1/T and d
vs. T from this model. Figure 3-7(A) shows an evidence of an Arrhenius to Super-
Arrhenius dynamic crossover as the temperature is raised across TD = 345 i 5 K.
Below TD, the inverse diffusion constant can be fitted with the Vogel-Fucher-Tamman
Law as 1/D = 1/Do exp(CTo/T - To) with To = 204 ± 36 K and C = 0.94. While
above TD, the inverse diffusion constant can be fitted with the Arrhenius Law 1/D =
1/Do exp(EA/RT) with EA = 5.97 t 0.55 kcal/mol, which corresponds to about an
energy needed to break 2.4 hydrogen bonds at TD. The exact value of TD is then
evaluated as the crossing point of the two laws. Figure 3-7(B) shows the extracted d,
which represents the migration distance of the water molecules between two successive
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Figure 3-7: (A) Arrhenius Plot of experimentally extracted log(1/D) vs. 1000/T
of the protein hydration water shows an evidence of an Super-Arrhenius (non-linear
behavior) to Arrhenius (linear behavior) dynamic crossover as the temperature is
raised through TD = 345+5 K. (B) Plot of experimentally extracted average migration
distance d of the hydration water. This quantity is slowly increasing linearly within
experimental error bars below TD, but rises sharply above TD, indicating a longer
migration of water molecules in-between two successive trap sites. [16 4]
trap sites. One can see that it is increasing slowly below TD, from 4.2 to 5.6 A, but
rises sharply above TD to 9.6 Aat 380 K. The result is consistent with the previous
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results 6 9 Aat room temperature. The sharp changes of both the self-diffusion
constant D and the migration distance d indicate a large scale enhanced movement
of the water molecules above TD, when the lifetime of the hydrogen bonded network
of the water molecules becomes shorter, and thus it is not able to maintain the shape
of the protein. The following MD simulation results confirm this dynamic crossover
and further show that the dynamic crossover in protein hydration water is probably
connected to the first stage of the unfolding process of the protein.
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Figure 3-8: Comparison of the Backbone RMSD as a function of time at different
temperatures. This quantity was calculated for the last 15 ns of the trajectories and
averaged over the two lysozyme molecules. No remarkable change is detected until 340
K, when the protein increases its flexibility. Although the simulations are too short
to follow the whole denaturation process, they are still able to capture its beginning.
[164]
The protein backbone RMSD calculated from the trajectories shows a sudden
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increase between 330 K and 340 K (Figure 3-8), signaling the beginning of the de-
naturation process. Molecular Dynamics simulations are limited to a timestep on the
order of fs, while protein unfolding occurs on timescales of the order of ms. There-
fore, atomistic simulations of the whole denaturation process are still utopian for the
conventional computers capabilities. Nevertheless, a few ns are enough to capture at
least its dynamic beginning.
At the same temperature, the Arrhenius plot of 1/D obtained from the MD sim-
ulation shows a change in its behavior at TD = 340 t 5 K, reproducing well the
neutron scattering data and qualitatively the Adam-Gibbs equation. In particular,
the extracted activation energy EA = 5.25 t 0.5 kcal/mol is in agreement with the
experimental value (EA = 5.97 ± 0.55 kcal/mol).
The underlying physical mechanism for lysozyme reversible denaturation can be
seen from examination of the following three physical quantities calculated from the
MD simulations. Figure 3-9(A) displays the onset temperature of the reversible de-
naturation, TD: the protein hydrogen atoms MSD has a sharp increase as a function
of temperature between 330 K and 340 K, in agreement with the onset temperature
for reversible denaturation determined by calorimetry.
Figure 3-9(B) shows that at the same temperature TD, the inverse of the water-
protein hydrogen bond relaxation time (relaxation rate) deviates from linearity, sig-
naling the beginning of the breakdown of the hydrogen bond network around the
protein. The increase in the hydrogen bond relaxation rate is therefore the cause
of the enhanced protein flexibility, as already pointed out by Wood et al. for the
low temperature protein dynamical transition. In that case, they found a correlation
between the decrease of protein H-bond network relaxation time (due to the onset of
water translational diffusion) and the sudden increase in the protein hydrogen atoms
MSD at TL = 220K. The situation is qualitatively analogous for the high temperature
case, but with a quantitative difference: the solvent cage is not able to constrain the
folded protein structure anymore and the macromolecule increases its ability of sam-
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Figure 3-9: Arrhenius plot of the inverse diffusion constant for lysozyme hydration
water, 1/D vs. 1000/T, calculated from MD simulations. The curve shows an Ar-
rhenius (high T) to Super-Arrhenius (low T) dynamic crossover similar to the one
observed by Quasi-Elastic Neutron Scattering (see Fig. 6). The diffusion constant
has been calculated from the trajectories according to the Einstein relation, with a
linear fit of water MSD from 300 to 600 ps. Numerical data are fitted with a Vogel-
Fulcher-Tammann law at low temperatures (dashed line) and with an Arrhenius law
at high temperatures (solid line).[164]
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pling the configurational space. Due to the decrease of the hydrogen bond lifetime,
its flexibility becomes large enough to start the unfolding process.
Figure 3-9(C) shows that as T further increases, the number of hydrogen bonds
between water and the protein has a sharp change in its rate of decrease at TD = 340
K, from 0.3 to 1.2 H-bonds/K. That is to say, the dynamics of interfacial water and its
interactions with the protein surface are critical for the stability of protein structure.
As soon as the strength of H-bonds at the interface between water and protein reaches
a certain value, the 2-D network around the protein that kept it folded collapses,
allowing the macromolecule to increase its flexibility and to begin the denaturation
process. We believe that the crossover phenomenon is a characteristic of the whole
water-protein system: the decreased interaction at the water-protein interface is the
cause of both the crossover and the denaturation. On one hand, water becomes more
mobile (increased diffusion constant); on the other, protein is not constrained by the
hydrogen bond network and can unfold.
We show experimentally that: (1) the low-Q QENS data follows very well the sim-
ple model and we can thus extract the temperature dependence of the self-diffusion
constant of protein hydration water with confidence; (2) the Arrhenius plot of the
extracted inverse diffusion constant, log(1/D) vs. 1/T, shows a Super-Arrhenius
behavior at low temperatures and switches over to Arrhenius behavior at high tem-
peratures bordering at TD = 345 i 5 K; (3) we find a sudden increase of the average
migration distance between two successive trap sites above TD from the plot of d vs.
T.
We show next that the MD simulation results generally complement and support
the neutron scattering experimental findings. Specifically, (1) the Arrhenius plot of
1/D shows a break at the same crossover temperature TD = 340 i 5 K and (2) the
reversible denaturation phenomenon coincides with a sudden decrease of the lifetime
of hydrogen bonds between hydration water and protein. We cannot conclude whether
the denaturation of the protein and the dynamic crossover in its hydration water are
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causally related, but their coincidence may suggest that the dynamic crossover could
be a factor involved in the reversible denaturation process.
3.3 Fast dynamics
3.3.1 Inelastic neutron scattering
In an inelastic neutron scattering (INS) experiment, both the momentum transfer
Q and the energy transfer E are measured. Strictly speaking, all neutron scatter-
ing processes are inelastic because of the existence of all kinds of atomic motions.
The so-called elastic scattering just means to detect neutrons without analyzing the
energy transfer E. By carefully analyzing the energy transfer, one can study how
particles move. The characteristic dynamic response time and the energy transfer are
approximately a Fourier pair. So the fast dynamics of water particles is represented
at relatively high energy transfer range.
The Disk Chopper Spectrometer (DCS) at NIST Center for Neutron Research
(NCNR) is a typical time-of-flight spectrometer. We use DCS to study picosecond-
scale excess phonon density of state (boson peak) of water confined in MCM-41-S.
DCS can be operated in many different modes so that a broad range of problems can
be tackled with the right choice of mode. Using neutrons of incident energy of 16
meV, we obtain an elastic energy resolution of 1 meV, enough to study the inelastic
peak at around 3-5 meV.
The Filter Analyzer Neutron Spectrometer (FANS) at NIST Center for Neutron
Research (NCNR) is used to study the librational density of state of water confined
in MCM-41-S. The design of FANS is similar to a triple-axis spectrometer. Instead of
using an crystal analyzer, FANS uses a low-pass Bragg cutoff filter. Inelastic spectra
are recorded by scanning the incident energy and detecting all scattered neutrons
with energy Ef < Ectff. It is capable of varying incident neutron energies from 5
to 250 meV.
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3.3.2 Boson peak
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Figure 3-10: Boson peak of H20 confined in MCM-41-S
Figure 3-10 shows the incoherent inelastic neutron scattering (INS) spectra of
water confined in MCM-41-S. It can be seen on the temperature dependence of the
INS spectra that a well-defined Boson peak[133, 131, 73, 71, 132, 77, 139, 137, 138,
62, 116, 121] at 5 meV appears at and below TL = 230 ± 5 K. Based on the previous
interpretation of Widom line and its associated second critical point of water in the
deeply supercooled region, the local structure of supercooled water transforms from
predominantly a high-density liquid (HDL) to a low-density liquid (LDL) form at
the dynamic crossover temperature TL[87]. From neutron diffraction experiment,
the HDL does not have a well-defined tetrahedral hydrogen bond structure (a fragile
liquid), while LDL has an ice-like fully developed tetrahedral hydrogen bond structure
(a strong liquid). Our experimental results imply that in LDL the cage effect becomes
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more important because of the fully developed random tetrahedral hydrogen bond
network (RTN). Therefore, the activated hopping process takes longer time to develop,
leaving enough time for the in-cage vibration. One should notice that this kind of
vibration is highly anharmonic because of the disordered nature of the RTN. It is
well established in the literature that in Raman scattering a well-defined Boson peak
appears in a glassy liquid which is classified as "strong". On the other hand, there
is no discernable Boson peak in a glassy liquid which is classified as "fragile". Our
measurement of the temperature dependence of Boson peak indicates a decrease of
the fragility as temperature is lowered. The result gives the additional evidence that
TL marks a fragile-to-strong crossover. How the short time dynamics relates to the
long time stretched exponential relaxation awaits for further investigation.
3.3.3 Density of states
In order to confirm the existence of the first-order liquid-liquid phase transition of
water discussed in Chapter 2, we further performed FANS measurements of the li-
brational density of states G(E) of H20 confined in MCM-41-S. The experimental
procedure is similar to the detection of the density hysteresis. We performed two
experiments on the same sample. In the first experiment, the hydrated sample is
pressurized at room temperature to 2500 bar, and then cooled down to 180 K. In
the second experiment, the hydrated sample is first cooled down to 130 K, and then
pressurized to 2500 bar, and then warmed up to 180 K. So both of the experiments
are performed at the same temperature and the same pressure. The temperature-
dependent pressure is corrected for the two experiments. The only difference of the
two experiments are the preparing path in the phase diagram.
Figure 3-11 shows the measured librational density of states G(E) of H20 confined
in MCM-41-S. First, this experiment confirmed that the confined water at this phase
point is still in liquid state. The librational density of sates of ice Ih exhibits much
sharper increase in the energy range from 60 to 70 meV. So the previously measured
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Figure 3-11: Librational density of states G(E) of H20 confined in MCM-41-S
density hysteresis is not likely due to the ice formation, either inside or outside the
pores.
Furthermore, one can clearly see that the difference between the two G(E) is
beyond the error bars, although both measurements are performed at 180 K, 2500
bar. The difference might be explained as an evidence of crossing the first-order
phase transition line. Therefore, the water in the sample prepared by cooling could
be dominated by HDL, while the water in the sample prepared by warming could be
dominated by LDL.
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3.4 Universal pre-glass-transition temperature
In this chapter, using different neutron scattering techniques, we have experimentally
detected several pre-glass-transition phenomena. They seem to occur at a universal
pre-glass-transition temperature Tpg a 225 K, which is higher than the conventional
glass-transition temperature T of water. The glass-transition temperature is practi-
cally defined as the temperature when the viscosity reaches 1012 Pa-s or the relaxation
time reaches 100 s. In the case of water, the glass-transition is so week that the ac-
tual glass-transition temperature of water is still under debate[70, 1(61, 155-]. However,
above the glass-transition temperature, many pre-glass-transition phenomena already
occur, including, but are not limited to, a fragile-to-strong dynamic crossover, an en-
hanced dynamic heterogeneity and the appearance of a well-defined boson peak. The
Stokes-Einstein relation also breaks down at this pre-glass-transition temperature T9.
Interesting enough, the temperature of the change of dynamical behavior at around
Tpg , 225 K for H2 0 happens to be the same as that of the peak of the specific
heat[119, 105], and is fairly close to the peak of the thermal expansion coefficient of
confined D20 at 244 K'. The coincidence reveals the underlying correlation between
the dynamic anomalies and thermodynamic anomalies[1,11 148]. It may be possible
that the link comes from the crossing the Widom line[G0, 86, 15)8] emanating from
the liquid-liquid critical point of water, which further originates from the two-length
scale interaction potential of water[27, 59]. It may also be possible that it is due
to a second-order phase transition, then the liquid-liquid critical point is in fact a
tricritical point.
On the other hand, these phenomena can be well reproduced by the extended
mode-coupling theory with an hopping effect incorporated[66, 14]. The extended
mode-coupling theory doesn't need to invoke a critical point a high pressure. And
it is applicable to general glass-forming liquids. A wide range of similar pre-glass-
transition phenomena are also reported. Therefore, it is logical to ask how different
iThe difference might be simply an isotopic effect.
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is water from other glass-forming liquids.
Chapter 4
Summary and outlook
Man in Black: "They come, they fight, they destroy, they corrupt. It
always ends the same." Jacob: "It only ends once. Anything that happens
before that is just progress."
Lost
4.1 Towards a unified theory of water
Water's unusual phase behavior has been an enduring mystery for centuries, chal-
lenging the deepest thinkers in every generation. The key to understand water's
mysteries is the way water molecules interact with one another. The hydrogen bonds
linking different water molecules are weaker than the covalent bonds holding hydro-
gen and oxygen atoms together, and are stronger than the van der Walls interaction.
So the continuously breaking and reforming hydrogen bonds in water can form open
tetrahedral structures, giving rise to many anomalous properties of water.
However, knowing the rules doesn't mean understanding the game. In a complex
system like water, many counterintuitive emergent patterns arise out of the relatively
simple interactions. The situation utterly resembles a child playing Go'. The new
'A game known as Wei Qi in Chinese.
81
CHAPTER 4. SUMMARY AND OUTLOOK
findings of confined water reveal a deeper connection between the thermodynamic
and dynamic properties of water. They may eventually stimulate new ideas towards
a unified theory of water.
4.2 Randomness and emergence
The study of collective phenomena is and will remain one of the main intellectual
challenges for a long time. Molecular theories can predict the macroscopic behaviors
of many simple systems and processes from first principles. However, the behaviors
of associated matters, strongly or weekly correlated, are so much more complex that
methods of interpretation are cruder. Such systems range from turbulent fluids, amor-
phous solids and glasses, to innumerable examples in soft condensed matters (poly-
mers, colloids, proteins, etc), where cooperativity and complex hierarchical structures
are common and intrinsic.
In a deterministic world, the predictability is merely constrained by the compu-
tation power, so randomness is just an illusion. Every event is simply following its
predetermined path. Fortunately, quantum mechanics restores the randomness and
therefore leaves space for free will, unless certain hidden variables exit. Despite of
the origin of randomness, it is human beings' instinct to quest for the novel emergent
behaviors in the apparently random systems. The real question is: if such a law exits,
does it apply to us?
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